In this paper, a compact slow-light microfiber coil resonator (MCR) is fabricated and the slow-light properties of it are analyzed and tested. Based on coupled-wave theory, a theoretical model for describing the slow-light propagation in the MCR is established. Experimentally, the MCR slow-light element is fabricated and its relative slow-light time delay is measured. The group velocity of the light pulse in the MCR slow-light element can be reduced to about 0.47c (c is the speed of light in vacuum) and the shape of the light pulse passing through the MCR is well preserved.
INTRODUCTION
Slow-light technology is used to slow down the group velocity of light. It is one of the key technologies in the development of all-optical communication and quantum computing. Moreover, a study on slow-light technology will effectively promote the development of many science fields, such as optical sensor technology, nonlinear optics, and quantum optics [1] . As slow-light technology has significant scientific value and great prospective applications, it has become an area of much research focus [2] [3] [4] . Based on the generation mechanism of slow-light effects, Boyd divided slow-light effects into two categories: material slow light and structural slow light [5] . For material slow light, the group velocity of light pulse can be reduced by using nonlinear optical effects to increase the group index of the light pulse propagating in the optical medium. The material slow-light effects include electromagnetically induced transparency (EIT) slow light [6] , coherent population oscillation (CPO) slow light [7] , optical parametric amplification (OPA) slow light [8] , stimulated Brillouin scattering (SBS) slow light [9] , and stimulated Raman scattering (SRS) slow light [10] . The main advantage of the material slowlight system is that the smaller group velocity can be realized. For example, EIT slow-light technology can slow down the group velocity of a light pulse to 17 m∕s in Na atom vapor in a low-temperature environment [6] . However, the disadvantages of the material slow-light system, such as being a complex system, high optical power, difficult to miniaturize, and harsh experimental conditions, prevent its practical applications. For structural slow light, one means that the propagation of light pulses is significantly modified by the (typically periodic on distance scales of the order of an optical wavelength) spatial modulation of the optical properties of the slow-light system [5] . Structural slow-light effects include slow light in photonic crystals (PhCs), slow light in fiber gratings [11] , and slow light in FabryPerot (F-P) resonators [12] . The advantages of structural slowlight effects include compact size, low optical power, and good compatibility. Of course, the loss effect of the structural slow-light system cannot be neglected in practical applications. However, at present, the miniaturized, low-loss, and integrated slow-light elements are the urgent needs for the development of slow-light technology.
Fortunately, the emergence of low-loss microfiber provides us a new alternative way to miniaturize the slow-light element. In 2003, Tong et al., using a two-step drawing process, fabricated a microfiber with a diameter down to 50 nm and optical losses of 0.1 dB∕mm [13] . Soon afterward, by using low-loss microfiber, Sumetsky et al. proposed and described a new type of microfiber coil resonator (MCR) (as illustrated in Fig. 1 ) [14] [15] [16] . The MCR can be created by wrapping an optical microfiber on a dielectric rod with lower refractive index. Since it has super merits, such as high and designable structural dispersion, good compatibility with the available communication system, broad bandwidth, compactness, low loss, high Q value, and low insertion loss, the MCR has been regarded as one of the most attractive optical elements.
In this paper, based on the theoretical investigation of slowlight properties in MCRs, which has been reported by us in Applied Optics [17] , we further theoretically and experimentally study the slow-light effects in a MCR with two microfiber coils. Theoretically, a model of slow-light propagation in the MCR is established. Experimentally, a MCR slow-light element is fabricated and the relative slow-light time delay in it is measured. A relative pulse delay of about 30 ps is obtained and the group velocity is reduced to about 0.47c. The shape of the light pulse passing through the compact MCR slow-light element is well preserved.
THEORETICAL MODEL OF SLOW-LIGHT PROPAGATION
Consider the propagation of light along the microfiber wrapped on the low refractive index rod. The microfiber diameter is smaller than or comparable to the optical wavelength. Introduce the local natural coordinate system and s is used to denote the coordinate along the microfiber (0 < s < l, l πD, where D and l are the diameter of the rod and the perimeter of each coil, respectively). Then, the light propagation around a uniform MCR with two microfiber coils (as shown in Fig. 1 ) is described by the coupled-wave equations expressed by [17] 
where A 1 s and A 2 s are the slowly varying amplitude of the electric field in the first and the second coils at a distance s around the coil, respectively, and k is the coupling coefficient between two adjacent microfiber coils [17] . Note that, for the MCR, the output of the first coil is always equal to the input of the second coil. There exists the following continuity conditions:
where β is the propagation constant of the fundamental mode. The input electric field amplitude is given by A 1 0. Using the matrix method, Eqs. (1) and (2) can be respectively simplified to the compact forms of
Then, the general solution of Eq. (3) is given by
As e Ks C;
where e K s is the matrix exponential. Obtaining A0 and Al from Eq. (5) and inserting them into Eq. (4), one can obtain the constant matrix C in the following form:
Inserting Eq. (6) into Eq. (5), one obtains the general solution of Eq. (3) given by As e Ks E − Be Kl −1 A 1 0:
From Eq. (7), we can achieve the output electric field amplitude of the second coil, i.e., A 2 l e iβl . In this case, we can obtain the following four important physical quantities related to this MCR slow-light element. First, the amplitude transmittance of the OMR, is defined by
Note that in Eq. (8) the propagation constant, β, can be expressed by β 2π∕λ iα, where α is the optical loss coefficient of the microfiber. Second, the light power transmittance of the MCR, is expressed by P T × T ;
where T is the conjugate of T . Third, the phase of the transmission amplitude, ϕ T , is expressed by
Fourth, the group time delay can be obtained by
where c is the speed of light in vacuum and n eff is the effective refractive index. The slow-light properties in the MCR with two microfiber coils have been simulated and the results were reported by us in the Journal of Applied Optics [17] . Simulations indicate that a slow-light time delay up to 62 ps with a bandwidth of 0.4 nm occurs at a wavelength of around 1.5 μm in the MCR.
FABRICATION OF THE MCR SLOW-LIGHT ELEMENT
In order to fabricate the MCR slow-light element, first, we should prepare a tapered microfiber with good properties. Second, the tapered microfiber is wrapped regularly on the MgF 2 rod.
The first step is very important, because a tapered microfiber with good optical and mechanical properties, such as low loss, strong evanescent field, smooth surface, longer uniform waist, shorter transition regions, and good flexibility, is the foundation and prerequisite for the MCR fabrication. In order to obtain a tapered microfiber with good properties, we use the experimental setup that was reported by us in the Journal of Modern Optics [18] to draw a microfiber from a heated conventional single-mode fiber (SMF). The schematic profile of the tapered microfiber is shown in Fig. 2 . It consists of two transition regions with an approximate decaying exponential shape and a uniform waist. The length of the transition region of the fabricated microfiber is about 50 mm and the length of the uniform waist with an around 1.919 μm diameter is about 30 mm. The tapered loss at wavelength 1550 nm is about 0.2 dB in air.
The second step is to wrap the tapered microfiber on the MgF 2 rod with a low refractive index (n 1.37). As the microfiber is very fragile and easily polluted, it is very important to set up a winding system for the MCR fabrication. The winding system contains three parts: the microscope, the computer, and the winding mechanism. Since the waist diameter of the tapered microfiber is of microdimension and cannot be seen clearly by unaided eyes, a microscope is used to measure the diameter of the microfiber and monitor the winding process. In the MCR fabrication process, a real-time video of the winding process is shown on the computer screen via a chargecoupled device (CCD) camera installed on the microscope top.
The main part of the winding system is the winding mechanism. In order to describe the wrapping process clearly, we schematically show the head of the winding mechanism in Fig. 3 . The winding mechanism head consists of a manual revolving platform, a MgF 2 disk, a MgF 2 rod, a tapered microfiber, and two supporting poles. The upper supporting pole can revolve around the central axis of the manual revolving platform.
The fabrication process of the MCR slow-light element can be described in the following three steps. In the first step, the MgF 2 rod with 2 mm diameter is fixed on the center of the MgF 2 disk with 65 mm diameter and the disk is fixed on the manual revolving platform by using nuts. In the second step, the prepared tapered microfiber is fixed on the winding mechanism by using tape to stick the two SMF terminals of the microfiber on two pole tips, then the system was moved to the microscope view field. In the third step, under the monitoring of the microscope, we carefully revolve the upper supporting pole around the central axis of the manually revolving platform to wrap the microfiber on the MgF 2 rod. Of course, in the process of revolving, we continually adjust the distance between coils by using the fiber probe. After carefully revolving and adjusting, a MCR slow-light element is fabricated, as shown in Fig. 4 . We can see that the microfiber coils are wrapped tightly and close to each other. The upper coil is wrapped by using the uniform waist of the tapered microfiber and the under coil contains some partial transition region of the microfiber.
For testing the optical and resonant properties of the MCR, the left side SMF of the MCR is connected to the amplified spontaneous emission (ASE) and the right side SMF is connected to an optical spectrum analyzer (OSA). The input and output optical spectra are obtained and shown in Fig. 5 . We can see that when the tapered microfiber is wrapped on the MgF 2 rod, the loss becomes greater and it is about −29.7 dB at a wavelength of 1537.2 nm. The reason for the increase in loss is that a quantity of evanescent field energy is diverted to the MgF 2 rod surface and lost. Based on the resonance optical spectrum of the MCR in Fig. 5 , we can calculate the value of the free spectral range (FSR), extinction ratio, and Q factor of the MCR and they are about 0.22 nm, 1.65 dB, and 11645, respectively.
Based on the Eq. (8), the transmission optical spectrum of the MCR which contains two microfiber coils is calculated and shown together with experimental results in Fig. 6 , where the parameters n eff , α, l , and k, are taken as 1.45, 0.49/mm, 6.28 mm, and 1/mm, respectively. We can see that in Fig. 6 the transmission optical spectrum of the simulation does not completely agree with the experimental one. The reason for this phenomenon is that the material dispersion of the MCR is not considered in the simulation process.
PERFORMANCE OF THE MCR SLOW-LIGHT ELEMENT
In order to measure the slow-light time delay of the MCR, we set up a slow-light time delay measurement system which is shown in Fig. 7 . The light from the tunable wavelength laser Fig. 3 . Head of the winding mechanism, which contains a manual revolving platform, a MgF 2 disk, a MgF 2 rod, a tapered microfiber, and two supporting poles. Research Article (TWL) experiences the polarization controller (PC) before passing through the electro-optic modulator (EOM). The bias voltage of the EOM is provided by the direct voltage (DV). The radio-frequency signal from the data timing generator (DTG) is carried onto the continuous laser by means of EOM, which is used to generate the nonreturn-to-zero signal. The light pulses after being amplified by the erbium-doped fiber amplifier (EDFA) pass through the coupler. 95% of the light energy from the coupler is injected into the MCR slow-light element and then sent into the oscilloscope (OSC) by means of the photodetector (PD), labeled by PD1. The other 5% of the light energy from the coupler, which is used to generate a synchronized trigger signal, is also sent into the OSC by means of PD2. By measuring the relative location of the pulse on the OSC screen, we can obtain the relative time delay of the optical pulse which passes through the MCR slow-light element.
In the experiment, we set the signal data rate of the DTG to 3.35 Gb∕s. In order to observe the time delay of the light pulse passing through the MCR slow-light element, we first tune the wavelength of the TWL to 1537.20 nm so that the resonator is located at the off-resonance state, which corresponds to dot A in Fig. 6 and the normalized output pulse recorded on the OSC screen corresponds to the A line in Fig. 8 . The light pulse duration (FWHM) is 288 ps. Then, we tune the wavelength of the TWL to 1537.22 nm, which is indicated by dot B in Fig. 6 and the normalized output pulse corresponds to the B line in Fig. 8 . Further, we tune the wavelength of the TWL to 1537.24 nm, which corresponds to dot C in Fig. 6 and the output pulse is designated as the C line in Fig. 8 . We then go on doing this. Finally, it is easy to see that there are some relative pulse time delays in Fig. 8 when the light wavelength is tuned from 1537.20 to 1537.30 nm at intervals of 0.02 nm. We can see that the shape of the light pulse after passing through the MCR slow-light element is well preserved. The pulse-broadening factor B τ out ∕τ out is 1.023, where τ in is the input pulse duration (FWHM) and τ out is the output pulse F duration (FWHM). Because the microfiber length on the MCR is very short and the linewidth of the TWL is very narrow, the distortion of pulse shape caused by the material dispersion is not obvious in the experiment.
On one hand, at the off-resonance state of the MCR, the shapes of the pulses detected by PD1 and PD2 are same. One the other hand, we just focus on the relative time delay of the pulses through the MCR. So, in order to show the slowlight time delay of the light pulse more clearly, taking the pulse with wavelength A of 1537.20 nm in Fig. 8 as the point of reference, we plot the data points of the relative time delay of the pulses. The data points A, B, C, D, E, and F in Fig. 9 denote the relative time delay of the pulses with corresponding pulse A. In Fig. 9 , the small square points are the experimental data points and the line is the fitting curve. We can see from Fig. 9 that the maximum time delay of the light pulse passing through the MCR slow-light element is about 30 ps at wavelength 1537.30 nm. Then, we calculate that the smallest group velocity of the light pulse propagating in the MCR slow-light element is about 0.47c.
Based on Eq. (11), we simulate the variation of the group time delay of the MCR with wavelength and show it in company with experimental results in Fig. 9 , where the parameters n eff , α, l , and k are taken as 1.45, 0.49/mm, 6.28 mm, and 1/mm, respectively. Since the material dispersion of the MCR is not considered in the simulation process, the simulated and experimental results have some small differences.
CONCLUSION
At present, miniaturized and integrated slow-light elements are in urgent need for slow-light technology development. In this paper, based on coupled-wave theory, a theoretical model of slow-light propagation in a MCR with two microfiber coils is established. Experimentally, we fabricate the MCR slow-light element and measure its relative slow-light time delay of the light pulse passing through the MCR. The light pulse passing through the MCR slow-light element can be maximally delayed for 30 ps. By calculation, we find that the group velocity of the light pulse in the MCR slow-light element can be reduced to 0.47c and the shape of light pulse is well preserved.
